Background: Individuals with Down syndrome (DS) experience autonomic dysfunction, with reduced sympathetic and parasympathetic control. This results in alterations in resting heart rate and blood pressure and attenuated responses to sympathoexcitatory stimuli. It is unknown to what extent this impacts the regulation of peripheral blood flow in response to sympathetic stimuli, which is an important prerequisite to exercise and perform work. Therefore, we aimed to investigate differences in peripheral blood flow regulation in response to lower body negative pressure (LBNP) between individuals with and without DS Methods: Participants (n Z 10 males with DS and n Z 11 male controls, mean age 23.7 years AE 3.2) underwent 5 min of LBNP stimulations (À20 mmHg), after resting supine for 10 min. One minute steady state blood pressure and blood flow at baseline and during LBNP were obtained for analysis. Mean flow velocity and arterial diameters were recorded with ultrasonography; foreram blood flow (FBF), shear rate and forearm vascular conductance (FVC) were calculated using brachial blood pressure measured right before ultrasound recordings Results: Participants with DS responded differently (consistent with reduced vasoconstrictive control) to the LBNP stimulus (significant ConditionxGroup interaction effect) for mean velocity (p Z 0.02), FBF (p Z 0.04), shear rate (p Z 0.02) and FVC (p Z 0.03), compared to participants without DS. Conclusion: Young males with DS exhibit reduced peripheral blood flow regulation in response to LBNP compared to controls, indicating a blunted sympathetic control of blood flow. Further research is necessary to explore the impact of these findings on exercise and work capacity.
Peripheral blood flow regulation in response to sympathetic stimulation in individuals with down syndrome Abstract Background: Individuals with Down syndrome (DS) experience autonomic dysfunction, with reduced sympathetic and parasympathetic control. This results in alterations in resting heart rate and blood pressure and attenuated responses to sympathoexcitatory stimuli. It is unknown to what extent this impacts the regulation of peripheral blood flow in response to sympathetic stimuli, which is an important prerequisite to exercise and perform work. Therefore, we aimed to investigate differences in peripheral blood flow regulation in response to lower body negative pressure (LBNP) between individuals with and without DS Methods: Participants (n Z 10 males with DS and n Z 11 male controls, mean age 23.7 years AE 3.2) underwent 5 min of LBNP stimulations (À20 mmHg), after resting supine for 10 min. One minute steady state blood pressure and blood flow at baseline and during LBNP were obtained for analysis. Mean flow velocity and arterial diameters were recorded with ultrasonography; foreram blood flow (FBF), shear rate and forearm vascular conductance (FVC) were calculated using brachial blood pressure measured right before ultrasound recordings Results: Participants with DS responded differently (consistent with reduced vasoconstrictive control) to the LBNP stimulus (significant ConditionxGroup interaction effect) for mean velocity (p Z 0.02), FBF (p Z 0.04), shear rate (p Z 0.02) and FVC (p Z 0.03), compared to participants without DS. Conclusion: Young males with DS exhibit reduced peripheral blood flow regulation in response to LBNP compared to controls, indicating a blunted sympathetic control of blood flow. Further research is necessary to explore the impact of these findings on exercise and work capacity.
Introduction
Down syndrome (DS), a genetic condition also referred to as trisomy 21, impacts about 1 in every 700 newborns. 1 While life expectancy is improving in this population, 2,3 individuals with DS are still at risk for numerous conditions impairing quality of life and health, such as diabetes mellitus, dyslipidemia, congenital heart defects, leukemia, thyroid disease, cognitive decline and Alzheimer's disease. 4, 5 In addition, individuals with DS present with a higher prevalence of cardiovascular disease (CVD) risk factors, such as obesity, 6 very low physical activity, 7 low fitness, 8 and an unfavorable metabolic risk profile. 9, 10 Despite this CVD risk profile, individuals with DS exhibit lower rates of atherosclerotic disease, and DS has been referred to as an atheroma-free model. 9, 11, 12 Consequently, a better understanding of the physiology of people with DS may yield important insight regarding the pathology and/or prevention of not only atherosclerotic disease but also several other chronic conditions.
In individuals with DS, these CVD risk factors may not be only attributable to lifestyle or to DS-specific physical characteristics like low muscle tone and mass. 13 Lower fitness in individuals with DS has been attributed to autonomic dysfunction. 14 In turn, autonomic dysfunction has been implicated in increased metabolic risk 15, 16 and could potentially alter disease risk in this population.
To further understand the role of autonomic regulation in DS and its potential effects on work capacity, our group has conducted a number of in-depth physiological studies (as reviewed in Ref. 14 ) . In brief, we have shown individuals with DS exhibit 1) chronotropic incompetence, which is the inability to increase heart rate proportionate to increased activity 17, 18 ; 2) blunted heart rate and blood pressure responses to sympathoexcitatory tasks (orthostasis, cold pressor test, handgrip exercise) 19e22 ; and 3) suppressed catecholamine release in response to maximal exercise. 23 Cumulatively, this data suggests reduced vagal withdrawal and sympathetic activation and decreased baroreceptor sensitivity in individuals with DS. 14 Importantly, this autonomic dysfunction may also impair the ability to regulate blood flow to working muscles during exercise, and further compromise work capacity, which provides the basis of the current study.
Our current work is the first step to test the hypothesis that impaired peripheral blood flow control could potentially explain fatigue and lower work capacity in individuals with DS. Reduced sympathetic activation during exercise may impair the ability to adequately shunt blood flow to the working muscle. One means of examining this hypothesis would be to evaluate the vascular responses to a blood volume distribution challenge, such as lower body negative pressure (LBNP). LBNP provides a sympathetic stimulus and redistribution of blood flow that may reveal differential blood flow regulation in individuals with DS. As such, the purpose of the present study was to investigate the effects of a mild sympathoexcitatory stimulus (À20 lower LBNP) on brachial blood flow in individuals with and without DS. We hypothesized that individuals with DS would demonstrate less vasoconstriction and smaller reductions in brachial blood flow than the control group.
Methods Participants
Participants were recruited from the UIC campus and the Chicago community via support groups and organizations for individuals with DS, word of mouth, as well as online postings. Potential participants were invited for an on-site screening visit in order to determine eligibility for the study.
Individuals were included if between 18 and 40 years of age, non-athletic, in general good health, and diagnosed with DS for the DS group. Exclusion criteria were congenital heart disease, cardiovascular disease, a BMI of over 40 kg/ m 2 , any conditions listed as absolute or relative contraindications to exercise according to The American College of Sports Medicine, blood pressure over 140/90 mmHg and impaired fasting glucose or diabetes (fasting glucose > 100 mg/dl). For the preliminary analyses in this paper only males were included to avoid the influence of varying reproductive hormones in women. This study was approved by the University of Illinois at Chicago Institutional Review Board and all participants and their parent or caregiver provided written informed consent.
Experimental protocol
For participants with DS, a familiarization visit was completed prior to the experimental visit to allow the participant to become comfortable with research personnel, the laboratory environment and the research protocol. Participants were instructed to abstain from caffeine, alcohol, multivitamins and exercise for at least 12 h and a minimum 4 h fast (only water allowed) prior to the experimental study visit. Upon arrival, height, weight, and waist circumference were measured and a health history and physical activity questionnaire were completed. BMI was determined using the standard calculation (kg/m 2 ). Following anthropometric measurements, participants were instrumented for 3-lead electrocardiogram (ECG) and respiratory monitoring. Participants were then guided into a supine position in the lower body negative pressure (LBNP) chamber sealed at the waist. Blood pressure was continuously monitored non-invasively using finger plethysmography (Finometer Pro, Finapres Medical System, Netherlands). Analog signals from ECG, Finometer, respiration and the LBNP chamber were continuously recorded during the protocol using Acknowledge software (BIOPAC System, Inc., CA, USA) for storage and offline analysis.
In the last minute of 10 min of quiet rest, measurements of brachial artery diameter and blood velocity were obtained. LBNP was then applied at À20 mmHg to unload the cardiopulmonary baroreceptors and trigger a reflex sympathetic response, which has shown to cause little to no change in blood pressure. 24, 25 Brachial artery diameter and blood velocity were assessed again after 5 min of adjustment to À20 mmHg LBNP. An individualized treadmill test was then performed to measure work capacity, by measuring peak oxygen uptake (VO 2peak ) (ParvoMedics True One, Sandy, Utah). As previously described, 26 treadmill speed was held constant at a fast walk while grade increased 2.5% every 2 min up to 12.5% grade. From this point, grade remained constant and speed was increased 1.6 km/h every minute until volitional fatigue. This protocol has been shown to be both valid and reliable for testing individuals with and without Down syndrome. 27, 28 The highest VO 2 and heart rate were recorded as VO 2peak and HR peak , if the respiratory exchange ratio was over 1.0.
Measurements
Brachial diameter and mean blood flow velocity were measured on the upper arm using high fidelity ultrasound (Hitachi Aloka Alpha 7, Japan), with the probe secured over the brachial artery with a 60 probe insonation angle. 29 Measurements were obtained during the last minute of the 10 min baseline and the minute right after 5 min LBNP to calculate forearm blood flow (FBF, FBF Z velocity*pr 2 *60) and shear rate (shear rate Z 4*velocity*diameter). Forearm vascular conductance (FVC, FVCZFBF/MAP*100) was calculated using brachial mean arterial pressure (MAP) measured in conjunction with ultrasound recordings.
Statistical analysis
Data were checked for normality and outliers. Baseline differences between groups were tested with independent t-tests. Mixed ANOVA was used to test the effects of Group, Condition and the Group Â Condition interaction. Post-hoc pairwise comparisons were performed in case of a significant interaction effect, and the Bonferroni correction was used to correct for multiple comparisons. Statistical analyses were performed with SPSS 23.0, and all p-values are 2sided, with an a priori a-level of 0.05 determined to be significant.
Results
Twenty-one healthy, young male adults (DS n Z 10) participated in the study. Individuals with DS had a higher BMI (p Z 0.04), lower VO 2peak (p < 0.01) and lower HR peak (p < 0.01) than the control group (Table 1) .
MAP decreased in both groups from baseline to LBNP (F Z 5.320, p Z 0.033). Brachial artery diameter was smaller in participants with DS compared to the control group in both conditions (F Z 5.871, p Z 0.026). Significant interaction effects (p < 0.05) were observed for mean velocity (F Z 6.300, p Z 0.021), FBF (F Z 5.039, p Z 0.037), shear rate (F Z 5.970, p Z 0.024) and FVC (F Z 5.195, p Z 0.034) ( Fig. 1) . Post-hoc pairwise comparisons demonstrated a difference in FBF, shear rate and FVC between participants with DS and the control group at baseline, not during LBNP (p < 0.05). From baseline to LBNP, the control group reduced mean velocity, FBF and shear rate (p < 0.05). No changes were seen for participants with DS (p > 0.05).
Discussion
FBF, shear rate, and FVC decreased in the control group during LBNP, indicating peripheral vasoconstriction as a result of sympathoexcitation. However, individuals with DS did not show any evidence of vasoconstriction, indicating a lack of forearm blood flow control in response to sympathotexcitation. Furthermore, both groups showed a slight decrease in MAP from baseline to LBNP, and individuals with DS had smaller brachial diameters than the control group.
During LBNP, the control group reduced mean brachial blood flow velocity, resulting in decreased FBF and shear rate. Brachial artery diameter did not change from baseline during the LBNP, suggesting that the vasoconstriction likely occurred downstream in the resistance arteries, resulting in decreased FBF. This is in line with previous research demonstrating a decrease in brachial blood flow 24 and FVC 30 during LBNP in healthy subjects. In individuals with DS however, none of the vascular outcomes were altered during LBNP. These differential responses between persons with DS and the control group were not driven by blood pressure as both groups exhibited similar changes in MAP during the LBNP. These findings suggest reduced peripheral regulation of blood flow due to blunted sympathetic control in individuals with DS.
Interestingly, brachial artery diameter was smaller in individuals with DS, and the mean velocity at baseline was also lower compared to the control group. A possible explanation could be a lower metabolic demand for oxygen from the periphery in individuals with DS, likely driven by features that are specific to DS, such as lower muscle mass 13 and higher oxidative stress. 31, 32 Another possible explanation could be that the blunted vagal withdrawal and sympathetic activation in individuals with DS, 14 resulting in a lower heart rate and lower systemic blood pressure, may also result in lower mean velocities throughout the systemic circulation. Combined with blunted control of peripheral blood flow, this is likely to impact exercise capacity. To our knowledge, only one other research group has assessed brachial blood flow in individuals with DS. 33 Contrary to our results, there was no difference between individuals with DS and healthy control participants in resting brachial blood flow. As only the second group to report brachial blood flow in DS with both studies having small sample sizes, future investigations with larger sample sizes are necessary to determine whether differences in resting values exist. This study demonstrates for the first time that autonomic dysfunction in individuals with DS is not only impacting systemic control of heart rate and blood pressure, but also peripheral blood flow. As described earlier, autonomic dysfunction negatively impacts work capacity, as the ability to vasoconstrict in the non-active organs and muscles is critical to maintain appropriate blood pressure, heart rate and thus cardiac output during exercise. An appropriate increase in cardiac output during exercise is necessary to deliver blood to the working muscles. Furthermore, vasodilation in the working muscles, coupled with vasoconstriction in non-working muscle and other organs is required to ensure oxygen delivery to working muscle fibers. 34 Vasodilation is largely controlled by local mechanisms, in which the endothelium plays a major role. Individuals with DS have increased levels of oxidative stress, caused by a DS-specific mitochondrial dysfunction, which leads to endothelial dysfunction. 32 Only a few studies have investigated vasodilatory capacity and vascular function in individuals with DS. They found individuals with DS have either a smaller 9 or equal 35 intima media thickness, and a higher 35 or lower arterial stiffness, 36, 37 and reduced ability to vasodilate in response to increased shear stress. 33 While no previous studies have evaluated vascular function during exercise in this population, we speculate that individuals with DS would exhibit a blunted vasodilatory response to exercise in working muscles, coupled with a lack of vasoconstriction in nonworking tissue. This impairment in blood flow regulation could further limit work capacity in individuals with DS, however, future studies are required to evaluate this hypothesis.
Strengths of this study were the familiarization of the individuals with DS with the protocol, and the application of high-quality, established methods to a population usually excluded from this type of experimental research. Potential limitations are the small sample size and the baseline differences in BMI and VO 2peak , which may have confounded the differences in the outcome variables as obesity and fitness are known determinants of autonomic function. Due to the unique phenotype of DS, it is difficult to match body size and work capacity between groups. However, our previous research demonstrated that BMI had only a minimal impact on maximal heart rate and VO 2peak in individuals with DS. 38 Future research needs to focus on understanding peripheral blood flow regulation in individuals with DS. This is a necessary step to further elucidate the physiology behind low physical activity and reduced work capacity in this population and the comorbid conditions that accompany it. Dynamic handgrip exercise is often used to elucidate characteristics of peripheral blood flow regulation 39 and would be the next step to further understand blood flow regulation in individuals with DS. Handgrip exercise should elicit vasodilation in the smaller arteries and microvasculature of the working muscle to increase brachial blood flow, 34, 40 even when challenged with a sympathetic stimulus. 30 We are currently conducting a study investigating this interplay between vasoconstriction and vasodilation in individuals with DS during handgrip exercise and a sympathetic stimulus. 
Conclusion
Young males with DS exhibit reduced peripheral regulation of blood flow in response to LBNP compared to the control group, indicating a blunted sympathetic control of blood flow. Further research is necessary to investigate the peripheral regulation of blood flow in the resistance arteries and microvasculature in individuals with DS, and to explore the impact of these findings on exercise, work capacity and health in this population.
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